1. Introduction {#s0005}
===============

In mature and normal blood vessels, vascular smooth muscle cells (VSMCs) are characterized to be a highly quiescent and contractile phenotype associated with elevated levels of contractile markers proteins such as α-smooth muscle actin (α-SMA), SM22α and smooth muscle myosin heavy chain (SMMHC) [@bib1], [@bib2]. In atherosclerosis and arterial restenosis, VSMCs can switch to be a dedifferentiated, proliferative, and migratory phenotype by downregulating gene expressions of VSMC contractile markers and upregulating synthetic protein expressions of osteopontin (OPN) [@bib3], [@bib4]. Accumulating evidence indicates that VSMC phenotypic switching is widely observed in atherosclerosis, intimal hyperplasia, hypertension and postangioplasty restenosis [@bib5], [@bib6]. Unraveling the potential mechanisms of VSMC phenotypic switching may provide novel therapeutic target for the prevention and treatment of these diseases.

The aberrant VSMC proliferation and migration are core events in the pathophysiology of many cardiovascular diseases including atherosclerosis and restenosis after angioplasty [@bib5]. The VSMC phenotypic switching is closely linked with excessive proliferation and migration of VSMCs, which is believed to a common vascular pathological condition in atherosclerosis, restenosis and vein bypass graft failure [@bib3]. Therapeutic strategies against VSMC phenotypic switching, proliferation and migration may be beneficial for VSMC-related pathological conditions. In response to vascular injury, the activated inflammatory cells, platelets and VSMCs release the growth factors, especially platelet-derived growth factor (PDGF), thereby leading to a switch of VSMCs from a contractile phenotype to a synthetic phenotype [@bib7], [@bib8]. PDGF family is composed of five proteins including PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD [@bib9], among which, PDGF-BB is described to be one of the most potent stimulants for VSMC proliferation and migration [@bib10]. Therefore, PDGF-BB was utilized to induce VSMC dedifferentiation in this study.

Chicoric acid (CA) is isolated and purified from plant and vegetables, which is reported to possess antioxidant and anti-inflammatory activities [@bib11], [@bib12]. CA is established to be a new potential antidiabetic agent by stimulating insulin secretion [@bib13]. CA functions as a regulator of cellular apoptosis, growth, differentiation, and immune response [@bib14], [@bib15], [@bib16]. A recent study demonstrates that CA is a potent anti-atherosclerotic ingredient via attenuating oxidized low-density lipoprotein (oxLDL)-facilitated endothelial dysfunction [@bib11]. However, no investigations were conducted concerning the effects of CA on the phenotypic switch, proliferation and migration of VSMCs. Therefore, this study was designed to explore the roles and molecular mechanisms of CA in the regulation of VSMC physiology.

2. Material and methods {#s0010}
=======================

2.1. Chemicals {#s0015}
--------------

Dulbecco\'s modified Eagle's medium (DMEM), trypsin-EDTA, and fetal bovine serum (FBS) were obtained from Gibco BRL (Carlsbad, CA, USA). Recombinant human PDGF-BB was purchased from R&D Systems (Minneapolis, MN, USA). Chicoric acid (CA), rapamycin, diphenyleneiodonium chloride (DPI) and dhydroethidium (DHE) were bought from Sigma (St. Louis, MO, USA). Cell counting kit-8 (CCK-8) kits, NFκB inhibitor BAY 11-7082 and N-acetyl-lcysteine (NAC) were obtained from Beyotime Institute of Biotechnology (Shanghai, China). 5-Ethynyl-2′-deoxyuridine (EdU) Apollo kits were purchased from RiboBio (Guangzhou, China). Mitochondria-targeted antioxidant mitoquinone was purchased from Suzhou Vosun Chemical (Jiangsu, China) [@bib17]. The transwell system was obtained from Corning (Corning, Inc., Cypress, CA). Antibodies against α-SMA, SM22α, PCNA, cyclin D1, P27 and horseradish peroxidase conjugated secondary antibodies were purchased from Proteintech Group, Inc (Wuhan, China). Antibodies against p65-NFκB, IκBα, and phosphor-IκBα were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibodies against total or phosphorylated mTOR and P70S6K, SMMHC, Lamin B1, NOX2, p22^phox^, p47^phox^ and goat anti-rabbit IgG H&L (Alexa Fluor® 488) were purchased from Abcam (Cambridge, MA, USA). The specific primers were synthesized by SangonBiotech Co.,Ltd. (Shanghai, China). The dose of inhibitors was selected according to previous studies and our preliminary studies [@bib11], [@bib14], [@bib16], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24].

2.2. Animals {#s0020}
------------

Male Sprague-Dawley rats (Vital River Biological, Beijing, China) were used in our experiments. All experiments were conformed to the rules and regulations of the Experimental Animal Care and Use Committee of Jiangnan University. All procedures were complied with the Guide for the Care and Use of Laboratory Animal published by the US National Institutes of Health (NIH publication, 8th edition, 2011). The rats were housed on 12:12-h light--dark cycle in a temperature-controlled and humidity-controlled room, with free access to standard chow and tap water.

2.3. Cell culture {#s0025}
-----------------

Human aortic VSMCs (FuDan IBS Cell Center, Shanghai, China) were in DMEM with 10% FBS and 1% penicillin/streptomycin in humidified air containing 5% CO~2~ under a condition at 37 °C. Cells grown to 80--90% confluence were passaged at a ratio of 1:3. The cells used in all experiments were passaged three to five times.

2.4. CCK-8 assay and EdU assay {#s0030}
------------------------------

The proliferation of VSMCs was detected by using a CCK-8 kit or EdU incorporation assay as our previous reports [@bib25], [@bib26], [@bib27], [@bib28]. For CCK-8 assay, the optical density was read by a microplate reader (SYNERGY H4, BioTek,Winooski, VT, USA) at a wavelength of 490 nm. For EdU analysis, the nuclear DNA was counterstained using Hoechst 33342, and the EdU positive images were captured by a fluorescence microscopy (80i, Nikon, Japan).

2.5. VSMC migration analysis {#s0035}
----------------------------

The migration assay was performed using a transwell chamber. Briefly, 8-μm pore size chambers with transparent polyester were placed into 24-well plates. After 24 h of incubation, non-migrated VSMCs were removed by cotton swabs. Migrated cells were fixed and stained with crystal violet (0.1%). The cells on bottom side of the membrane were counted under a phase-contrast microscope (80i, Nikon, Japan).

2.6. Western Blot {#s0040}
-----------------

The total or nuclear proteins were obtained with the aid of commercially available kits (Beyotime Biotechnology, Shanghai, China) in accordance to the manufacturer's protocol [@bib20], [@bib29]. Equal amount of proteins were electrophoresed, blotted, and then incubated with required primary antibodies at 4 °C overnight. The blots were then incubated with appropriate secondary horseradish peroxidase (HRP)-conjugated antibodies, the immunoreactive proteins were visualized by enhanced chemiluminescence (Millipore Darmstadt, Germany) [@bib20].

2.7. Real-time PCR {#s0045}
------------------

Total RNA was extracted using Trizol reagent according to the manufacturer's instructions. The equal RNA was used to generate cDNA using HiScriptQ RT SuperMix for qPCR (Vazyme, Nanjing, China). The real-time quantitative PCR was performed in triplicates by using ChamQTM SYBR® qPCR Master Mix (Vazyme, Nanjing, China). The average cycle thresholds (Ct) were employed to quantify fold-change. The 2^-△△CT^ method was reported to calculate relative gene expression levels. The primer sequences for α-SMA: 5′-TTGAGAAGAGTTACGAGTTG-3′ (Forward), 5′-AGGACATTGTTAGCATAGAG-3′ (Reverse); SM22α: 5′-ACCCACCCTCCATGGTCTTC-3′ (Forward), 5′-CTTATGCTCCTGCGCTTTCT-3′ (Reverse); SMMHC: 5′-AAGAAACACAGACCAGGCGT-3′ (Forward), 5′-GGGTGAGTATCCAGCGGAAA-3′ (Reverse); OPN: 5′-CTGCCAGCAACCGAAGTTT-3′ (Forward), 5′-ACCATTCAACTCCTCGCTTTC 3-3′ (Reverse); GAPDH: 5′-CCACATCGCTCAGACACCAT-3′ (Forward), 5′-CCAGGCGCCCAATACG-3′ (Reverse).

2.8. Immunofluorescence staining {#s0050}
--------------------------------

After fixed with 4% paraformaldehyde for 30 min, the stimulated VSMCs were permeabilized with 0.1% Triton X-100 in PBS for 15 min. Cells were blocked with 5% BSA for 1 h at room temperature, and then incubated with indicated primary antibodies at 4 °C overnight. After three washes with PBS, cells were detected with goat anti-rabbit IgG H&L Alexa Fluor® 488. Finally, nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min. Images were photographed by a fluorescence microscope (80i, Nikon, Tokyo, Japan).

2.9. Intracellular ROS measurement {#s0055}
----------------------------------

The collected VSMCs were fixed and incubated with DHE (10 μM) 20 min in a dark and humidified container at 37 °C. The fluorescence signals were captured and quantified with the IMAGE-PRO PLUS 6.0 (Version 6.0, Media Cybernetics, Bethesda, MD, USA) by using the same parameters [@bib20], [@bib26].

2.10. Measurement of superoxide dismutase (SOD) and catalase (CAT) activities {#s0060}
-----------------------------------------------------------------------------

The activities of SOD and CAT were determined by a Total Superoxide Dismutase Assay Kit with NBT (Beyotime Biotechnology, Shanghai, China) and a Catalase Assay Kit (Beyotime Biotechnology, Shanghai, China) following the manufacturer\'s instructions as previous reports [@bib30], [@bib31]. The activity was found as U/mg protein and the results were expressed as percentage of control.

2.11. Determination of malondialdehyde (MDA) {#s0065}
--------------------------------------------

The levels of MDA were measured using commercial assay kits (Beyotime Biotechnology, Shanghai, China) according to the instructions provided by the manufacturer as previously described [@bib32], [@bib33].

2.12. Animal model of vascular injury {#s0070}
-------------------------------------

The unilateral carotid artery ligation was applied to mimic vascular injury in 8-week-old rats as previous reports [@bib20], [@bib34]. In short, the left common carotid arteries were ligated with a 6.0 silk suture that was proximal to the carotid bifurcation for 8 weeks, and the uninjured right carotid arteries served as control. Three days after vascular injury, CA (50 mg/kg/day) was administered gastric gavage to rats for a total of 8 weeks as previously described [@bib35], [@bib36], [@bib37], [@bib38]. At the end of experiments, the rats were sacrificed by overdose of pentobarbitalsodium (150 mg/kg, iv), and carotid arteries were harvested for hematoxylin and eosin (HE) staining and molecular biological analyses [@bib39], [@bib40].

2.13. Statistical analysis {#s0075}
--------------------------

All results were defined as mean ± S.E. Comparisons within two groups were made by Student′s *t*-test. Statistical analysis was performed by ANOVA/Dunnet *t*-test for multiple group comparisons. The criterion for statistical significance was set at p \< 0.05.

3. Results {#s0080}
==========

3.1. CA abrogated PDGF-BB-induced VSMC dedifferentiation {#s0085}
--------------------------------------------------------

To test whether CA affected PDGF-BB-induced VSMC dedifferentiation, VSMCs were pretreated with different doses of CA for 6 h followed by stimulation with PDGF-BB for 24 h. The results showed that PDGF-BB promoted the VSMC phenotypic alteration from differentiated to dedifferentiated cells, as evidenced by increased VSMC synthetic gene OPN along with decreased VSMC contractile genes α-SMA, SMMHC, and SM22α at both protein ([Fig. 1](#f0005){ref-type="fig"}**A and B**) and mRNA levels ([Fig. 1](#f0005){ref-type="fig"}**C**). Pretreatment with CA antagonized VSMC dedifferentiation response to PDGF-BB in a dose-dependent manner ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1CA abrogated PDGF-BB-induced VSMC dedifferentiation. VSMCs were pretreated with various concentrations (10, 50 and 100 μM) of CA for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. (**A**) Western blot was employed to quantitate the expression levels of contractile protein α-SMA, SMMHC, SM22α and synthetic proteins OPN. (**B**) Bar graph showing the relative protein level of α-SMA, SMMHC, SM22α and OPN. (**C**) Bar graph showing the relative mRNA level ofα-SMA, SMMHC, SM22α and OPN. Values are mean±SE. \* P \< 0.05 vs. Control, † P \< 0.05 vs. PDGF-BB. n = 6 for each group.Fig. 1

3.2. CA abated PDGF-BB-induced VSMC proliferation and migration {#s0090}
---------------------------------------------------------------

Since VSMC dedifferentiation plays an essential role in proliferation and migration of VSMCs [@bib4], we next decided to examine whether CA abrogated VSMC proliferation and migration in response to PDGF-BB. Treatment of VSMCs with PDGF-BB resulted in the increased proliferation and migration of VSMCs. However, CA pretreatment dose-dependently counteracted PDGF-BB-induced proliferation and migration of VSMCs, as evidenced by EdU incorporation assay ([Fig. 2](#f0010){ref-type="fig"}**A and C**), transwell migration assay ([Fig. 2](#f0010){ref-type="fig"}**B and D**) and absorbance assay ([Fig. S1A](#s0130){ref-type="sec"}). The cellular proliferation markers such as PCNA, cyclin D1 and P27 are considered to be involved in VSMC proliferation and migration [@bib41], [@bib42]. Consistently, pretreatment with CA concentration-relatedly mitigated the upregulated PCNA and cyclin D1 protein levels, as well as the downregulated P27 protein expression in PDGF-BB-incubated VSMCs ([Fig. 2](#f0010){ref-type="fig"}**E and F**).Fig. 2CA abated PDGF-BB-induced VSMC proliferation and migration. VSMCs were pretreated with various concentrations (10, 50 and 100 μM) of CA for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. (**A**) DNA synthesis in VSMCs determined with EdU incorporation assay. Blue fluorescence (Hoechst 33342) shows cell nuclei and green fluorescence (Edu) stands for cells with DNA synthesis. (**B**) Transwell assay was performed to determine the migration of VSMCs. (**C**) The ratio of EdU-positive cells to total cells. (**D**) Bar graph showing the number of migrated VSMCs. (**E**) Represented images showing the protein expressions of PCNA, cyclin D1 and P27. (**F**) Bar graph showing the relative protein level of PCNA, cyclin D1 and P27. Values are mean±SE. \* P \< 0.05 vs. Control, † P \< 0.05 vs. PDGF-BB. n = 6 for each group.Fig. 2

3.3. CA inhibited PDGF-BB-induced VSMC dedifferentiation, proliferation and migration via suppressing mTOR/P70S6K signaling {#s0095}
---------------------------------------------------------------------------------------------------------------------------

Activation of mTOR/P70S6K signaling pathway participates in VSMC dedifferentiation, proliferation and migration [@bib21]. EdU incorporation assay ([Fig. 3](#f0015){ref-type="fig"}**A and C**), CCK-8 assay ([Fig. S1B](#s0130){ref-type="sec"}) and transwell migration assay ([Fig. 3](#f0015){ref-type="fig"}**B and D**) results showed that blockade of mTOR/P70S6K with rapamycin markedly attenuated PDGF-BB-induced VSMC proliferation and migration. Meanwhile, rapamycin pretreatment obviously reversed PDGF-BB-triggered VSMC phenotypic alteration from differentiated to dedifferentiated cells by upregulating α-SMA protein level ([Fig. 3](#f0015){ref-type="fig"}**E and F**) and downregulating OPN protein expression ([Fig. 3](#f0015){ref-type="fig"}**E and G**). Furthermore, the abnormal changes in cellular proliferation markers including PCNA ([Fig. 3](#f0015){ref-type="fig"}**E and H**), cyclin D1 ([Fig. 3](#f0015){ref-type="fig"}**E and I**) and P27 ([Fig. 3](#f0015){ref-type="fig"}**E and J**) were all rectified by rapamycin pretreatment in VSMCs response to PDGF-BB. More importantly, western blot analysis illustrated that the increased P-mTOR and P-P70S6K protein levels in PDGF-BB-induced VSMCs were prevented by CA pretreatment ([Fig. 3](#f0015){ref-type="fig"}**K**). These data suggested that CA may inhibit mTOR/P70S6K signaling pathway to ameliorate PDGF-BB-evoked VSMC dedifferentiation, proliferation and migration.Fig. 3CA inhibited PDGF-BB-induced VSMC dedifferentiation, proliferation and migration via suppressing mTOR/P70S6K signaling. VSMCs were pretreated with rapamycin (100 nM) for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. (**A**) EdU assay. (**B**) Transwell assay was performed to determine the migration of VSMCs. (**C**) The ratio of EdU-positive cells to total cells. (**D**) Bar graph showing the number of migrated VSMCs. (**E**) Represented images showing the protein expressions of α-SMA, OPN, PCNA, cyclin D1 and P27. The relative protein expressions of α-SMA (**F**), OPN (**G**), PCNA (**H**), cyclin D1 (**I**) and P27 (**J**) were quantified. (**K**) VSMCs were pretreated with various concentrations (10, 50 and 100 μM) of CA for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. The phosphorylated and total mTOR and P70S6K protein levels were measure by western blot. Values are mean±SE. \* P \< 0.05 vs. Control + Vehicle (Veh) or Control, † P \< 0.05 vs. PDGF-BB + Vehicle (Veh) or PDGF-BB. n = 6 for each group.Fig. 3

3.4. CA retarded PDGF-BB-induced VSMC dedifferentiation, proliferation and migration via suppressing NFκB signaling {#s0100}
-------------------------------------------------------------------------------------------------------------------

NFκB is a critical signaling in VSMC dedifferentiation, proliferation and migration [@bib20], [@bib43]. Our results exhibited that pretreatment with Bay 11-7082, an inhibitor of NFκB, attenuated the increased EdU positive cells ([Fig. 4](#f0020){ref-type="fig"}**A and C**), migrated cells ([Fig. 4](#f0020){ref-type="fig"}**B and D**) and absorbance ([Fig. S1C](#s0130){ref-type="sec"}) in PDGF-BB-treated VSMCs. The decreased α-SMA protein level ([Fig. 4](#f0020){ref-type="fig"}**E and F**) and increased OPN protein expression ([Fig. 4](#f0020){ref-type="fig"}**E and G**) in PDGF-BB-treated VSMCs were normalized by Bay 11-7082 pretreatment. Furthermore, the proliferating markers including PCNA ([Fig. 4](#f0020){ref-type="fig"}**E and H**), cyclin D1 ([Fig. 4](#f0020){ref-type="fig"}**E and I**) and P27 ([Fig. 4](#f0020){ref-type="fig"}**E and J**) were restored by Bay 11-7082 pretreatment in PDGF-BB-incubated VSMCs. These results further verified that NFκB signaling extremely involved in PDGF-BB-induced VSMC biological effects. Therefore, we hypothesized that CA may impede NFκB signaling to restrain PDGF-BB-induced VSMC dedifferentiation, proliferation and migration. Our results showed that PDGF-BB promoted the translocation of p65-NFκB from cytoplasm to nucleus ([Fig. 5](#f0025){ref-type="fig"}**A--D**), accompanied with phosphorylation and degradation of IκBα in VSMCs ([Fig. 5](#f0025){ref-type="fig"}**E and F**), which were all antagonized by CA pretreatment. Immunofluorescence results further revealed that CA eliminated PDGF-BB-induced translocation of p65 of NFκB ([Fig. 5](#f0025){ref-type="fig"}**G**). Interestingly enough, inhibition of NFκB with Bay 11-7082 compromised activated mTOR/P70S6K signaling in VSMCs response to PDGF-BB ([Fig. 5](#f0025){ref-type="fig"}**H**). These data disclosed that NFκB-mediated mTOR/P70S6K signaling partially contributed to PDGF-BB-evoked VSMC dedifferentiation, proliferation and migration. Pretreatment with CA abated NFκB/mTOR/P70S6K signaling to abolish PDGF-BB-induced VSMC biological effects.Fig. 4Bay117082 retarded PDGF-BB-induced VSMC dedifferentiation, proliferation and migration. VSMCs were pretreated with Bay117082 (10 μM) for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. (**A**) EdU assay. (**B**) Transwell assay was performed to determine the migration of VSMCs. (**C**) The ratio of EdU-positive cells to total cells. (**D**) Bar graph showing the number of migrated VSMCs. (**E**) Represented images showing the protein expressions of α-SMA, OPN, PCNA, cyclin D1 and P27. The relative protein expressions of α-SMA (**F**), OPN (**G**), PCNA (**H**), cyclin D1 (**I**) and P27 (**J**) were quantified. Values are mean ± SE. \* P \< 0.05 vs. Control + Vehicle (Veh), † P \< 0.05 vs. PDGF-BB + Vehicle (Veh). n = 6 for each group.Fig. 4Fig. 5CA retarded PDGF-BB-induced NFκB signaling activation. VSMCs were pretreated with various concentrations (10, 50 and 100 μM) of CA for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. (**A**) Represented images showing the protein expressions of p65-NFκB in nucleus. (**B**) Represented images showing the protein expressions of p65-NFκB in cytoplasm. (**C**) Bar graph showing the relative protein expressions of p65-NFκB in nucleus. (**D**) Bar graph showing the relative protein expressions of p65-NFκB in cytoplasm. (**E**) Represented images showing the protein expressions of IκBα and phosphorylated IκBα. (**F**) Bar graph showing the relative protein expressions of IκBα and phosphorylated IκBα. (**G**) The translocation of p65-NFκB from cytoplasm to nucleus was measure by immunofluorescence, white arrow showing the nuclear localization of p65-NFκB. (**H**) VSMCs were pretreated with Bay117082 (10 μM) for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. The phosphorylated and total mTOR and P70S6K protein levels were measure by western blot. Values are mean ± SE. \* P \< 0.05 vs. Control or Control + Vehicle (Veh), † P \< 0.05 vs. PDGF-BB or PDGF-BB + Vehicle (Veh). n = 6 for each group.Fig. 5

3.5. CA prevented PDGF-BB-stimulated activation of ROS/NFκB/mTOR/P70S6K signaling cascade {#s0105}
-----------------------------------------------------------------------------------------

Incubation of VSMCs with PDGF-BB increased the production of superoxide anions ([Fig. 6](#f0030){ref-type="fig"}**A and B**), upregulated NAD(P)H oxidase subunits p22^phox^ ([Fig. 6](#f0030){ref-type="fig"}**C and D**), p47^phox^ ([Fig. 6](#f0030){ref-type="fig"}**C and E**), NOX-2 ([Fig. 6](#f0030){ref-type="fig"}**C and F**) protein levels, and these changes were prevented by CA pretreatment ([Fig. 6](#f0030){ref-type="fig"}). It is particularly worthy noting that NAC (ROS scavenger, [Fig. S2](#s0130){ref-type="sec"}) and DPI (an inhibitor of flavincontaining enzyme including NADPH oxidase, [Fig. S3](#s0130){ref-type="sec"}) obviously blocked PDGF-BB-induced p65-NFκB nuclear translocation, phosphorylation and degradation of IκBα, as well as mTOR/P70S6K signaling activation in VSMCs. Moreover, compared with control cells, the SOD and CAT activities were obviously decreased, whereas the content of MDA was markedly increased in PDGF-BB-challenged VSMCs, and these changes were largely rectified by CA pretreatment ([Fig. S4](#s0130){ref-type="sec"}).Fig. 6CA prevented PDGF-BB-induced ROS production in VSMCs. VSMCs were pretreated with various concentrations (10, 50 and 100 μM) of CA for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. (**A**) ROS generation was evaluated by DHE fluorescence. (**B**) Relative ROS fluorescence intensity. (**C**) Represented images showing the protein expressions of NAD(P)H oxidase subunits p22^phox^, p47^phox^, NOX-2. The relative protein expressions of NAD(P)H oxidase subunits p22^phox^ (**D**), p47^phox^ (**E**), NOX-2 (**F**) were quantified. Values are mean ± SE. \* P \< 0.05 vs. Control, † P \< 0.05 vs. PDGF-BB. n = 6 for each group.Fig. 6

DPI is taken as an unspecific inhibitor of flavoprotein-containing ROS producing enzymes, including NADPH oxidases or complexes I, III, and IV in the mitochondrial respiratory chain, which substantially blunts the intracellular ROS deposition [@bib44], [@bib45]. However, whether NAD(P)H oxidases or mitochondria contributed to PDGF-BB-stimulated ROS load in VSMCs remains uncertain in the present study. In the next step, we delineated the endogenous ROS source, which is crucial for PDGF-BB-induced VSMC biological function. Mitoquinone is a mitochondria-targeted antioxidant derived from ubiquinone by covalent attachment to a lipophilic triphenylphosphonium cation [@bib46]. Our results showed that pharmacological inhibition of mitochondria ROS formation with mitochondrion-specific antioxidant mitoquinone also showed efficient inhibition on the ROS production in VSMCs induced PDGF-BB. Interestingly, the combined treatment of DPI and mitoquinone can not evoke a further reduction in ROS generation ([Fig. S5](#s0130){ref-type="sec"}), suggesting that both NADPH oxidase and mitochondria are vital involved players in PDGF-BB-triggered ROS production in VSMCs.

3.6. ROS were responsible for PDGF-BB-induced VSMC dedifferentiation, proliferation and migration {#s0110}
-------------------------------------------------------------------------------------------------

NFκB is taken as a redox-sensitive transcription factor, and intracellular ROS accumulation is critical for NFκB activation [@bib20]. Our results showed that pretreatment with ROS scavenger NAC inhibited PDGF-BB-induced increased EdU positive cells ([Fig. 7](#f0035){ref-type="fig"}**A and C**), migrated cells ([Fig. 7](#f0035){ref-type="fig"}**B and D**) and absorbance ([Fig. S1D](#s0130){ref-type="sec"}) in VSMCs. The phenotypic changes from differentiated to dedifferentiated cells, as evidenced by decreased VSMC contractile genes α-SMA ([Fig. 7](#f0035){ref-type="fig"}**E and F**) and increased VSMC synthetic gene OPN ([Fig. 7](#f0035){ref-type="fig"}**E and G**) in PDGF-BB-treated VSMCs were alleviated by NAC pretreatment. In addition, the proliferating markers including PCNA ([Fig. 7](#f0035){ref-type="fig"}**E and H**), cyclin D1 ([Fig. 7](#f0035){ref-type="fig"}**E and I**) and P27 ([Fig. 7](#f0035){ref-type="fig"}**E and J**) were recovered by NAC pretreatment in PDGF-BB-treated VSMCs. Similar to the results from NAC, pretreatment with DPI also diminished PDGF-BB-evoked VSMC dedifferentiation, proliferation and migration ([Fig. 8](#f0040){ref-type="fig"}**,** [Fig S1E](#s0130){ref-type="sec"}). These results hinted that ROS are requisite factors for PDGF-BB-induced VSMC dedifferentiation, proliferation and migration.Fig. 7NAC retarded PDGF-BB-induced VSMC dedifferentiation, proliferation and migration. VSMCs were pretreated with NAC (1 mM) for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. (**A**) EdU assay. (**B**) Transwell assay was performed to determine the migration of VSMCs. (**C**) The ratio of EdU-positive cells to total cells. (**D**) Bar graph showing the number of migrated VSMCs. (**E**) Represented images showing the protein expressions of α-SMA, OPN, PCNA, cyclin D1 and P27. The relative protein expressions of α-SMA (**F**), OPN (**G**), PCNA (**H**), cyclin D1 (**I**) and P27 (**J**) were quantified. Values are mean ± SE. \* P \< 0.05 vs. Control + Vehicle (Veh), † P \< 0.05 vs. PDGF-BB + Vehicle (Veh). n = 6 for each group.Fig. 7Fig. 8DPI retarded PDGF-BB-induced VSMC dedifferentiation, proliferation and migration. VSMCs were pretreated with DPI (10 μM) for 6 h followed by stimulation with PDGF-BB (20 ng/mL) for 24 h. (**A**) EdU assay. (**B**) Transwell assay was performed to determine the migration of VSMCs. (**C**) The ratio of EdU-positive cells to total cells. (**D**) Bar graph showing the number of migrated VSMCs. (**E**) Represented images showing the protein expressions of α-SMA, OPN, PCNA, cyclin D1 and P27. The relative protein expressions of α-SMA (**F**), OPN (**G**), PCNA (**H**), cyclin D1 (**I**) and P27 (**J**) were quantified. Values are mean ± SE. \* P \< 0.05 vs. Control + Vehicle (Veh), † P \< 0.05 vs. PDGF-BB + Vehicle (Veh). n = 6 for each group.Fig. 8

3.7. CA repressed intimal hyperplasia and suppressed ROS/NFκB/mTOR/P70S6K signaling cascade in vivo {#s0115}
---------------------------------------------------------------------------------------------------

In comparison with Sham rats, intimal hyperplasia was observed 8 weeks after injury ([Fig. 9](#f0045){ref-type="fig"}**A**). Administration of CA obviously reduced neointimal area and the ratio of neointimal area to media area in injured carotid arteries ([Fig. 9](#f0045){ref-type="fig"}**A**). CA prevented injury-evoked p65-NFκB nuclear translocation ([Fig. 9](#f0045){ref-type="fig"}**B and C**), phosphorylation and degradation of IκBα, as well as mTOR/P70S6K signaling activation ([Fig. 9](#f0045){ref-type="fig"}**D and E**). In addition, the upregulated NAD(P)H oxidase subunits p22^phox^, p47^phox^, NOX-2 protein expressions in injured carotid arteries were also mitigated by CA treatment ([Fig. 9](#f0045){ref-type="fig"}**F and G**). These results demonstrated a protective role of CA in the formation of hyperplastic neointima.Fig. 9CA repressed intimal hyperplasia and suppressed ROS/NFκB/mTOR/P70S6K signaling cascade **in vivo**. Three days after vascular injury, CA (50 mg/kg/day) was administered gastric gavage to rats for a total of 8 weeks. (**A**) Representative HE staining of carotid arteries in sham and injury rats. (**B**) Represented blots showing the protein expressions of p65-NFκB in nucleus or in cytoplasm. (**C**) Bar graph showing the relative protein expressions of p65-NFκB in nucleus, p65-NFκB in cytoplasm and IκBα. (**D**) Represented images showing the protein expressions of IκBα, phosphorylated IκBα, phosphorylated and total mTOR and P70S6K. (**E**) Bar graph showing the relative protein expressions of phosphorylated IκBα, mTOR and P70S6K. (**F**) Represented images showing the protein expressions of NAD(P)H oxidase subunits p22^phox^, p47^phox^, NOX-2. (**G**) Bar graph showing the relative protein expressions of NAD(P)H oxidase subunits p22^phox^, p47^phox^, NOX-2. Values are mean ± SE. \* P \< 0.05 vs. Sham, † P \< 0.05 vs. Veh. n = 6 for each group.Fig. 9

4. Discussion {#s0120}
=============

The dysregulated VSMCs play a central role in vascular restenosis, hypertension and atherosclerosis [@bib4]. Unlike cardiac or skeletal muscle cells, VSMCs undergo phenotypic changes from contractile phenotype to highly proliferative and migratory synthetic phenotype in response to injured stimuli [@bib6]. The phenotypic switching of VSMCs is a fundamental step for proliferation and migration of VSMCs, and increased VSMC proliferation and migration are indispensable in atherosclerosis and restenosis after angioplasty [@bib8]. The primary novel findings in this study are that CA pretreatment attenuated PDGF-BB-induced VSMC differentiation, proliferation and migration via suppression of ROS/NFκB/mTOR/P70S6K signaling cascade. These results provided the molecular mechanisms by which CA exerted a protective role in VSMC biology.

The normal and mature VSMCs exhibit higher contractile proteins including α-SMA, SM22α, calponin, SMMHC and myosin light chain kinase (MLCK) and lower synthetic proteins such as OPN, which play a prominent role in blood vessel tone, blood flow and blood pressure [@bib21]. VSMCs have unique remarkable plasticity without terminally differentiate properties [@bib47]. They can modulate their phenotypes response to the environmental stimuli from a differentiated and contractile state to synthetic state, and this process is also called dedifferentiation of VSMCs [@bib47]. The phenotypic switch of VSMCs is one of the key cellular events in the development of atherosclerosis [@bib48], [@bib49]. Therefore, the new drugs can be designed to treat atherosclerosis, postangioplasty restenosis and hypertension on the basis of potential mechanisms involved in VSMC phenotypic switching. A recent study establishes that CA mitigates ox-LDL-induced adhesion molecules expressions in endothelial cells to mimic a potent anti-atherosclerotic ingredient [@bib11]. However, it is unknown whether CA abrogated PDGF-BB-evoked VSMC dedifferentiation. In the present study, we showed that CA pretreatment prevented PDGF-BB induced VSMC differentiation, as reflected by decreased VSMC synthetic gene OPN along with increased VSMC contractile genes α-SMA, SMMHC, and SM22α. These results indicated that CA served as a therapeutic agent for inhibition of VSMC dedifferentiation.

The synthetic VSMCs exhibit accelerated proliferative and migratory abilities, which are critical for the development of vascular diseases including restenosis after angioplasty or bypass and atherosclerosis [@bib4]. Therefore, it is urgent to elucidate the possible molecular mechanisms underlying the proliferation and migration of VSMCs. PCNA and cyclin D1 are suggested to be pro-proliferation genes in VSMCs, but P27 is supposed to exert anti-proliferative effect in VSMCs [@bib1], [@bib50]. In addition, cyclin D1 and P27 are cell cycle progression regulators, and they have opposite effect on VSMC proliferation [@bib41]. Our results displayed that CA pretreatment reduced EdU-positive cells and migrated cells in response to PDGF-BB. Furthermore, CA mitigated the upregulated PCNA and cyclin D1 protein levels, as well as the downregulated P27 protein expression in PDGF-BB-incubated VSMCs. These results revealed that CA diminished PDGF-BB-induced VSMC proliferation and migration, and the protective effects of CA on PDGF-BB-stimulated VSMCs were ascribed to arrest of the cell cycle by activation of P27 and inhibition of cyclin D1 expression.

Mammalian target of rapamycin (mTOR) modulates a variety of cellular processes such as cell growth, migration and differentiation [@bib51]. Specifically, mTOR plays a regulatory role in VSMC proliferation and migration via its downstream target P70S6K signaling [@bib9], [@bib21]. Activation of mTOR/P70S6K is responsible for VSMC dedifferentiation and proliferation [@bib52]. Shear stress activates mTOR signaling to induce phenotypic modulation of VSMCs [@bib53]. Exogenous miR-761 delivery inhibits angiotensin II-induced VSMC proliferation by targeting mTOR [@bib54]. Sulforaphane is reported to diminish PDGF-induced VSMC proliferation in association with mTOR/P70S6K signaling inhibition [@bib10]. CA is able to extend lifespan in *Caenorhabditis elegans* at least via inhibiting mTOR signaling [@bib54]. These existing evidence drives us to explore whether mTOR/P70S6K signaling was implicated in CA-mediated protective effects on PDGF-BB-induced VSMC biological changes. Our results showed that blockade of mTOR/P70S6K alleviated PDGF-BB-induced VSMC dedifferentiation, proliferation and migration, which were consistent with the previous results [@bib9], [@bib21], [@bib54]. The increased phosphorylated mTOR and P70S6K in VSMCs response to PDGF-BB were attenuated by CA pretreatment. *In vivo* study showed that employment of CA attenuated the activation of mTOR and P70S6K signaling in injured carotid arteries. These results hinted that CA-induced inhibition of mTOR/P70S6K signaling contributed to its antagonistic effects on PDGF-BB-evoked VSMC dedifferentiation, proliferation and migration.

Nuclear factor-κB (NFκB) is a transcription factor that is abundantly expressed in VSMCs, macrophages, and endothelial cells from human atherosclerotic lesions [@bib55]. NFκB activation is a pivotal stimulator for VSMC dedifferentiation, proliferation and migration [@bib20], [@bib43], [@bib56], [@bib57]. Inhibitor κBα (IκBα) is an inhibitor of NFκB, which is bound to NFκB in the cytoplasm in unstimulated cells, the phosphorylated and degraded IκBα triggers nucleus translocation of NFκB and transcription expressions of NFκB-related genes [@bib20], [@bib58], [@bib59]. It is recently established that CA significantly reversed lipopolysaccharide-elicited activation of NFκB in BV-2 microglia [@bib16]. CA is shown to prevent systemic inflammation-induced memory impairment via inhibition of NFκB [@bib18]. CA plays a prominent role in alleviating lipopolysaccharide-induced inflammatory response via inactivation of NFκB pathway [@bib60]. Our data showed that NFκB inhibitor Bay 11-7082 pretreatment counteracted VSMC phenotypic change, proliferation and migration in response to PDGF-BB. CA pretreatment abolished PDGF-BB-induced translocation of p65-NFκB, phosphorylation and degradation of IκBα in VSMCs, suggesting that NFκB signaling inhibition was partially involved in the protective role of CA in VSMCs. Moreover, inhibition of NFκB with Bay 11-7082 suppressed the mTOR/P70S6K signaling in PDGF-BB-treated VSMCs. These results implied that PDGF-BB stimulated NFκB/mTOR/P70S6K signaling pathway to trigger dedifferentiation, proliferation and migration of VSMCs, which were substantially impeded by CA.

Oxidative stress plays a central role in NFκB activation, and excessive intracellular ROS contribute to dedifferentiation, proliferation and migration of VSMCs [@bib20], [@bib61], [@bib62]. A major source for ROS in the cardiovascular system is NAD(P)H oxidases [@bib63], [@bib64]. In the present study, our results showed that CA pretreatment reversed the decreased SOD and CAT activities and ameliorated the upregulated MDA level in PDGF-BB-challenged VSMCs. These results hinted that CA may be a possible antioxidant to exert protective actions in VSMCs. Furthermore, we found that both NAC and DPI inhibited PDGF-BB-induced VSMC dedifferentiation, proliferation and migration. It is well established that both NAD(P)H oxidases and mitochondria are important producers of ROS in VSMCs [@bib22], [@bib65]. Although the antioxidant capacity of DPI is often attributed to the inhibition of NAD(P)H oxidases, several studies have identified that DPI is a potent inhibitor of mitochondrial ROS generation [@bib66], [@bib67], [@bib68]. Our additional results displayed that both DPI and mitochondrion-targeted antioxidant mitoquinone suppressed ROS production in VSMCs induced by PDGF-BB. Interestingly, the combined treatment of DPI and mitoquinone did not evoke a further reduction in ROS generation, indicating that both NADPH oxidase and mitochondria participated in PDGF-BB-triggered ROS production in VSMCs.

In addition, the increased production of superoxide anions and upregulated NAD(P)H oxidase subunits p22^phox^, p47^phox^, NOX-2 protein levels in PDGF-BB-challenged VSMCs were prevented by CA pretreatment. These results revealed that CA could abrogate excessive ROS production to eliminate PDGF-BB-induced VSMC dedifferentiation, proliferation and migration. It is worthy to note that blockade of ROS generation diminished PDGF-BB-elicited p65-NFκB nuclear translocation, phosphorylation and degradation of IκBα, as well as mTOR/P70S6K signaling activation in VSMCs. The findings were further supported by the findings that the enhanced NAD(P)H oxidases and activated p65-NFκB/mTOR/P70S6K signaling cascade in injured carotid arteries were depressed by CA in rats. These results unveiled that ROS/NFκB/mTOR/P70S6K formed a signaling cascade, thereby contributing to PDGF-BB-induced VSMC dedifferentiation, proliferation and migration.

Taken together, our results disclose for the first time that CA antagonizes PDGF-BB-induced VSMC phenotypic alteration, proliferation and migration through regulating ROS/NFκB/mTOR/P70S6K signaling pathway. The activated ROS/NFκB/mTOR/P70S6K signaling axis was interrupted by CA, which provided a basis for possible clinical use of CA in atherosclerosis, intimal hyperplasia, hypertension and postangioplasty restenosis.
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